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GSPAC water movement in extremely dry area
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The Conservation Institute of Dunhuang Academy, Dunhuang 736200, China;
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China

Abstract: Under an extremely arid condition, a PVC greenhouse was built on the top of Mogao Grottoes
in gobi area. The results of 235-day constant extraction of condensed water on the greenhouse film and soil
water content showed that 2.1 g/(m2⋅d) groundwater moved up and exported into the soil, and a phreatic
water evaporation existed in the extreme dry area where the groundwater is buried deeper than 200 m.
After a prolonged export, the soil water content in the greenhouse was not lower but obviously higher than
the original control ones. According to the monitored parameters including relative humidity and absolute
humidity of soil, and temperature outside and inside the greenhouse, it was found that there is the available
condition and mechanism for the upward movement of groundwater, and also it can be sure that the exported water was not from the soil and atmosphere outside the greenhouse. Phreatic water, an important
source for soil water, interacts with atmosphere moisture via soil respiration. Soil salinity also has important
effects on soil water movement and spatial-temporal heterogeneity. The extremely dry climate, terrestrial
heat and change of upper soil temperature are the fundamental driving forces of water transportation and
phreatic water evaporation in the Groundwater-Soil-Plant-Atmosphere Continuum (GSPAC) system.
Keywords: greenhouse method; GSPAC system; extremely dry area; water movement

1 Introduction
Water circle is important to ecosystem. Vertical water
circle is constituted by the water movement in the Ground water-Soil-Plant-Atmosphere Continuum (GSPAC)
system (Wang et al., 2004; Zhou et al., 2005). It is
well known that when groundwater level is shallow,
phreatic water is an important supplement to soil,
plant and atmosphere moisture through capillary action (Yang, 1999; Chen et al., 2004; Ren et al., 2006).
However, it remains unclear whether phreatic water
can contribute to soil water, which is a key to understand whether there is a maximum depth of phreatic
water evaporation (Zhu and Qian, 2005).
A common belief is that soil water in extremely dry
area is the remain of last precipitation (Warner, 2008).
However, Liu et al. (2006) found that precipitation is
invalid if its amount is less than or equal to 13.44 mm,
because water would be evaporated completely before
permeating into deep soil. In former simulated precipitation experiments we found that a rainfall ranging
from 5 mm to 10 mm could be evaporated entirely
within 8 days and 12 days respectively, and a 15 mm

rainfall once-in-a-decade in Mogao Grotteos within 20
days (Li et al., 2010a).
According to previous investigations, the soil water
content was high in the proluvial clay layer at 1.4 m
depth of the gobi land around the Grottoes (Li et al.,
2009), and it could reach 24% at 4 m depth (Yang et
al., 2009). Further, the experiments conducted in
closed system revealed that the annual precipitation in
this area (42.2 mm) is not enough to supply soil water
content (Li et al., 2010a). Therefore, other water resources supplying soil water indeed exist.
The only possible resource of soil water except precipitation is phreatic water. The research work on the
climate, geology and vegetation in this area proved the
possibility of vertical transportation of phreatic water
(Li et al., 2009). However, as the phreatic water in this
area is buried deeper than 200 m, water could not be
transported upward due to capillary action. To further
verify the existence of phreatic water evaporation, a
PVC greenhouse was used to eliminate the influence
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of precipitation and atmosphere (Li et al., 2010a), and
the amount of phreatic water evaporation by measuring condensed water on film and soil water content
were calculated (Li et al., 2010b). Additionally, small
monitors were buried in soil to directly gauge the
temperature and relative/absolute humidity. The
analysis work on the movement of GSPAC system
would provide scientific grounds for the effective
utilization of phreatic water in this extremely arid region.
Mogao Grottoes, with nearly 45,000 m2 frescos, is
the biggest and most completed Buddhism relic in the
world. The frescos are confronted with a series of
questions concerning soil water, but it is still unclear
where the water comes from (Li, 2005). Consequently,
the understanding of the water movement in the
GSPAC system on the top of Mogao Grottoes will be
beneficial to explain water resource in the surrounding
rocks of the Grottoes and to protect the precious cultural relic.

loose gravel sand, and the lower layer is gravel. The
gobi land is formed by Pleistocene diluvia conglomerate, mid-Pleidiluvial alluvial Jiuquan conglomerate (Li,
2005). The geology and water structure of study area
are shown in Fig. 1.
The upper 0-50 cm soil is abundant in salts. The
constitution and contents of dissolved salts are shown
in Table 1. The soil porosity is 20% to 30%. The aridity
index is 32, indicating an extremely arid climate, and
the relative humidity is 31%. The radiation intensity is
1.1 KW/m2 and the percent of sunshine is 71%. The
annual average temperature is 11.23ºC, wind speed 4.1
m/s (in 2005) and annual precipitation 42.2 mm. In
2007, 19 times of rainfall were recorded and the precipitation totaled 64 mm. From the beginning to the
end of experiments there were only 5 times of rainfall
with a total precipitation of 8.2 mm. Conducted in the
year with notably less rainfall, this research on GSPAC
water would make it more clear that the prelatic water
is a resource of soil water.

2 Study area

3 Methods

The greenhouse experiment was carried out in the gobi
land, 1 km to the grottoes, from June 6, 2008 to February 18, 2009. The upper 4 m layer of the gobi is

A hemisphere greenhouse was built at the gobi land
above Mogao Grottoes on the 119th day after a 2 mm
precipitation in 2008. The greenhouse is 1.8 m high

Fig. 1

Sketch of geology and groundwater structure of Mogao Grottoes
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Table 1
Total salt
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Salinity contents in different gobi soil depths at Mogao Grottoes
NaCl

Na2SO4

Ca(HCO3)2

KCl

MgSO4

CaCO3

1.969

0.048

0.103

0.057

0.009

2.298

1.130

0.053

0.041

0.016

0.009

0.431

0.592

1.019

0.057

0.023

0.010

0.012

0.313

0.294

1.218

0.055

0.015

0.008

0.012

Depth
(cm)

pH

0−10

8.54

9.187

5.362

1.370

10−30

8.65

4.462

0.850

30−50

8.52

2.230

50−70

8.60

1.775

CaSO4
(%)

with a radius of 3.1 m, an area of 30 m2 and a volume
of 30 m3 (Fig. 2). A plastic belt was bonded to the water-proof film near the ground surface to make a “V”
shape groove to collect condensed water. In order to
monitor the exportation of soil water inside the
greenhouse, an injector was used to extract the condensed water every day at 8 a.m. to 9 a.m. As soil water content is very low in this dry area and moisture is
an important form of soil water movement, we
adopted HOBO mini-monitors to monitor the temperature, relative and absolute humidity at 5, 10, 20,
30, 50, 70, 100 cm soil layers beneath and 0, 5, 10, 50,
100 cm above ground surface both inside and outside
greenhouse as well as on the inner film surface in an
interval of 10 minutes. These parameters were utilized
to analyze whether water upward movement exists or
not. The soil water contents were measured by oven
dry method after long-term water exportation. If the
measured values are not less than original control ones,
it could indicate water resource from deep soil layer
indeed exists.

Fig. 2

The PVC greenhouse

4 Results and discussion
4.1 Condensed water in the greenhouse
The results of this experiment proved the existence of

condensed water and constantly upward movement
and evaporation of ground water. The daily condensed
water amount from July 7 to October 31, 2008 is
shown in Fig. 3 with an average daily amount of 84 g,
equal to 2.8 g/(m2⋅d) soil water exportation. From
November 1, 2008 to February 18, 2009, water was
freezing and daily monitoring was not available; we
collected 2,339 g water and ice at several times, equal
to 0.71 g/(m2⋅d) soil water exportation. During the
235-day measurement, 15,081 g condensed water was
got in total, equal to 2.1 g/(m2⋅d) soil water exportation. Condensed water amount is highly related to
weather condition. When solar radiation tends to be
stronger and temperature becomes higher and daily
temperature difference is bigger, the condensed water
amount will be higher.
4.2
4.2.1

Dynamic analysis of temperature–humidity
condition and soil water movement
Temperature

Temperature is a main environmental factor influencing soil water evaporation and moisture change. The
temperature changes inside and outside greenhouse on
typical days during the experimental period are shown
in Fig. 4. Within the upper 50 cm layer, soil temperature changed with solar radiation, and the closer to soil
surface, the bigger the varying amplitude of the soil
temperature was. No obvious change was shown beneath 50 cm soil layer. The result indicates that the
depth of soil temperature change was lower than 60
cm even in summer, much lower than the ones of
1–1.5 m in other regions (Liu and Cai, 2000). The
maximum temperature inside the greenhouse was
15ºC higher in the day and only 1ºC higher in the
night than that of outside. In autumn, the average
temperatures at 10, 20, 30, and 50 cm soil layers
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Fig. 3

Fig. 4
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The daily water condensing amount in the greenhouse

Temperatures profiles inside and outside the greenhouse

in the greenhouse were 5.2ºC, 4.8ºC, 4.4ºC, and 3.3ºC
higher than that at control ones outside respectively,
while in summer the difference became bigger up to
5–8ºC. The “heat island” of the closed environment in
greenhouse greatly impacted the evaporation and
horizontal movement of soil water.
In the early days after the construction of the
greenhouse, the inner temperature increased whereas
the relative humidity declined, thus causing the increase of unsaturated vapour pressure difference and
soil water evaporation. According to the daily change
of moisture density in this time, the evaporation intensity was estimated at most 0.02 mm/d. However, the

increase of humidity strongly restricted water evaporation on account of the impact of closed environment
after three days, which resulted in the decline of correlation between temperature and soil humidity. The
correlation between relative humidity and temperature
at 20 cm depth is 0.499 (P=0.01) in the control soil but
only –0.283 inside greenhouse. Therefore, the actual
evaporation capacity of gobi soil may be significant in
the arid air environment.
As soil water content is always very low in extremely dry area, soil water usually exists as bound
water. The decomposition and combination of water
coexist in a way of a bi-dynamical balance. When
temperature is high, the decomposition amount is bigger than the combination one, reflecting that the increase of soil relative humidity and evaporation. Otherwise, bound water in soil is formed because moisture is adsorbed by soil, which leads to the reduction
of vapour pressure and the upward movement of
sub-layer soil moisture.
The daily change of soil water content in gobi land
under a typical dry weather condition is shown in Fig.
5. Due to the daily change of solar radiation and delay
of heat conduction in soil, the temperature in one layer
may intersect with that in other layers, which results in
the heterogeneous distribution of soil water content
with the temperature change. For instance, in Fig. 4
the temperature at 20 cm depth might be higher or
lower than those at any other layers, and the soil water
content could show a doublet distribution driven by a
higher temperature (e.g. Fig. 5, 17:00). A warming up
progress is accompanied with decomposition of bound
water, increase of soil humidity and decrease of soil
water content, and vice versa.

No.2
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to the maximum and minimum absolute humidity (the
daily range of vapour density in summer is about 20
g/m3 and 15 g/m3 in autumn), only 20% of evaporated
water condensed on film and 80% was re-absorbed by
soil with the decrease of temperature. The absorbing
effect of soil moisture from air is so strong that there
was no condensed water in the greenhouse in the first
19 days after building it.
4.2.2
Fig. 5 The daily change of soil water content in the gobi land
(2007-06-12)

When soil temperature is high, the decomposed
water in upper soil layer could be absorbed by
sub-layer soil where temperature is lower, and the rest
small amount water evaporates into the air. On the
contrary, upper soil layer absorbs water from warmer
and wetter sub-layer soil when the temperature is
low,and the absorbed amount is farther bigger than
that from surface soil and air. Under this thermo-dynamical circumstance of soil water moving upward,
the change of vapour pressure plays a critical role
(Zhu and Qian, 2005). As shown in Fig. 5, the daily
change of the soil water content could amount to 3.8
mm, over 1,000 times compared with the condensed
amount in the greenhouse. As a result, the condensed
water amount could be only recognized as an evidence
of the existence of phreatic soil water evaporation. The
upward migration of water needed to be highlighted to
further confirm the amount of phreatic water evaporation.
The unsaturated soil water moves from the position
with higher temperature/humidity to that with lower
ones. The coexistence of higher temperature and humidity is sufficient but not essential to the outer migration of soil water in sub-layer ( Zhu and Qian, 2005;
Warner, 2008). In summer, even if the temperature at
the top soil is higher, the soil humidity still increases
from top to bottom which supports the upward migration of soil water. The condensed water amount in
summer is significant when air temperature is high.
The decline of condensed water amount in Fig. 3 is
due to the decrease of air temperature. Although the
soil temperatures at different layers were intersected,
the soil water remained upward movement. According

Humidity

Figure 6 shows the relative and absolute humidity at
different heights above ground surface and depths of
soil layers in the greenhouse. Closed to underlying
surface (50 cm) the humidity was impacted by moisture of soil absorbing and the relative humidity was
lower than that at upper layer (100 cm) of ground surface. Both the relative and absolute humidity in the
soil increased with soil depths. Relative humidity of
soil at 20 cm depth increased with temperature (r =
0.286, P = 0.01), while at 50 cm above surface it was
opposite (r = 0.969, P = 0.01). Soil bound water decomposed when the temperature increased and resulted in high soil humidity. Otherwise, it would be

Fig. 6 Relative humidity and absolute humidity in the greenhouse at different heights above ground surface and depths of
soil

absorbed by soil when the temperature declines (Fig.
4). This phenomenon reflects the typical characteristic
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of bound water in extremely arid area. At the deeper
soil layer in which the daily fluctuation of temperature
is small, and the soil humidity is stable.
Figure 7 shows that the relative and absolute humidity of outside soil were apparently lower than that
in the greenhouse (Fig. 6), which indicated the greenhouse could not only increase temperature but also soil
humidity. According to the humidity/temperature condition for water migration (Zhu and Qian, 2005; Warner, 2008), the soil water in the greenhouse can move
outward and the water inside is not from outside soil
or air when the air temperature, relative and absolute
humidity inside and outside greenhouse were similar,
which meets the condition of the upper migration of
water. Because vapour migration flux is correlative to
the gradient of air humidity, the dry air outside greenhouse determines outward movement of soil water.
This illustrates that evaporation is not limited in the
“heat island” greenhouse but exists widely. Our former
weighing experiment of the soil samples outside
greenhouse conformed this phenomenon (Li et al.,
2010a).

Vol. 3

When the soil temperature increased, the soil water
evaporation led to an evident increase of vapour density in the greenhouse; while the temperatures of air
and top-soil decrease, water would be absorbed by soil
particle and salt, and the vapour density declines too.
The soil evaporates water in warming process and absorbs water in cooling process in afternoon, which
forms the “respiration” of soil (Zhang and Wei, 2003).
4.3 The influence of phreatic water, salt and geothermy on soil water
The random monitoring results of soil water contents
in 2007 and 2008 are shown in Fig. 8. The average
contents of soil water are nearly the same. However,
the soil water content at 20 cm depth is higher than
that at other depths. This implies that although soil
water contents were fluctuated with climate and daily
temperature, they were stable as a whole and did not
decrease unlimitedly due to continuing evaporation,
which indicated the existence of deep water.

Fig. 8 The soil water distribution in representative days in the
extremely dry area

Fig. 7 Relative humidity and absolute humidity at different
depths outside greenhouse

The decomposition and combination of soil water is
a dynamical process driven by varying temperature.

The abundant salt content in top soil layer is another proof to the existence of phreatic water. The preliminary monitoring results revealed that in the aeration zone at 2.9 m depth the relative humidity of soil
was saturated. An observation at 1.25 m depth of surrounding rocks at the Grottoes indicated that the humidity in deep rock is perennially saturated (Guo et al.,
2009). This shows that the aeration zone below 2.9 m
depth is saturated. The formation of the saturated vapour is caused by geothermy. Affected by geothermy,
the temperature of soil from bottom to top decreases

No.2
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with a rate of 2–3ºC per 100 m. Normally, the heat
transmitted by geothermy is 2×107 J/m2 (Liu and Cai,
2000). In this area there is a fracture belt of Sanwei
Mountain and the large quantity of geothermic energy
has been already found. Based on the temperature of
hot well which is 50–60ºC at 1,100–1,500 m depth,
the temperature gradient in this area is around 3–4ºC
per 100 m.
The saturated vapour in aeration zone could condense and form film water on the surface of gravel
sand under a reducing gradient of temperature. Dissolved salt in the film water migrates upward slowly
and stays in an evaporating surface of soil at about 20
cm depth (Zhu and Qian, 2005). After a long geology
duration a saline soil layer about 50 cm thickness was
formed and acicular crystals were found in soil profile
(Li et al., 2009; Yang et al., 2009). The high soil water
content at the clay layer was the concentration of film
water for soil particles with strong absorbing ability.
The evaporation of vapour in unsaturated zone improves the salt density gradient in film water and the
water potential difference, as well as the upward migration ability of film water. Dry climate helps to form
a big humidity gradient in unsaturated belt; and also
forms a dynamic factor for the upward migration of

Fig. 9
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deep water. The high humidity and porosity
(20%–30%) of deep soil are necessary to continued
vertical movement of vapour. Vapour and film water
are the two main forms of phreatic water movement
and the two phases coexist but also shift each other
when temperature changes.
Salt is a key factor that influences soil water content.
Salts such as Na2SO4·10H2O, MgSO4·7H2O,
MgCl2·6H2O and Na2CO3·10H2O significantly enhance the soil water content at upper layer (10–40 cm).
Na2SO4 is abundant at 10–30 cm soil depth and when
temperature is lower than 32.5ºC, Na2SO4 combines
with water and then forms Na2SO4·10H2O, which
triggers the notably increase of soil water content and
vice versa ( Li, 2005; Angeli et al., 2007). In summer,
the soil temperature in the greenhouse was higher than
32.5ºC, thus the soil water content at 20 cm depth was
lower than that at the control sample outside (Fig. 9 a
and b).
In summer, the soil water content at 20 cm depth
was 4% lower than that at the control one, and the
decrement of soil water was similar to that of condensed water amount. If the change of soil water was
not caused by temperature and salt, the condensed water could only come from soil moisture and there was

Comparison of soil water contents inside and outside greenhouse
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no upward migration of phreatic water. Under this condition, to confirm the existence of deep water migration,
humidity in the soil of greenhouse should be equal to
or higher than the control one when temperature was
lower than the critical value of 32.5ºC. Monitoring of
soil temperature in winter identified that soil water
content was high when soil temperature was lower than
32.5ºC. The soil water content at 20 cm depth was
higher than that at the control one and that at the early
days after building of greenhouse. This result confirms
the existence of deep water migration, and denies the
possibility that the decrease of isolated soil water was
caused by soil structure damage. Another experiment
at the same period verified that condensed water in the
greenhouse was not derived from outer air or precipitation (Li et al., 2010a). Therefore, the condensed water in the greenhouse was surely from the deep soil.
Furthermore, another greenhouse experiment from
1 km distance demonstrates that continuous water
condensed also existed in the sandy land (Li et al.,
2010b), indicating that our research setting is reasonable. In addition, we did an experiment with an
air-condition inside the greenhouse to restrain the
“greenhouse effect” and the evaporation of phreatic
water reached up to 21.9 g/(m2·d) (10 times of this
one), which further confirms our analysis (Li et al.,
2010c). In conclusion, the condition and mechanism
for the upward migration of phreatic water exist where
groundwater level is deeply buried, and the ultimate
resource of deep soil water is no other than phreatic
water. Phreatic water evaporation is widespread in
extremely arid area.

Vol. 3

water is deeply buried, and soil water could enter atmosphere through aeration zone. The temperature,
relative and absolute humidity at the deep soil layer
were higher than that of the upper soil layer, and this
condition is suitable to the upward migration of
phreatic water. Even in summer when the temperature
of the top-soil was higher, the humidity gradient at the
sub-layer was enough to support the constant migration and evaporation of phreatic water. In a warming
process soil bound water was decomposed and evaporated, and it was absorbed by soil when temperature
decreased. The soil temperature change is a key to the
fluctuation of soil water and exchange of air moisture.
Thermo-dynamical effect is fundamental to the vertical movement of water in GSPAC system. Dry climate,
geothermy and soil salt all play important roles in the
migration, spatial and temporal distribution of soil
water. The increasing of soil water content after a
long-term experiment reflects that phreatic water
evaporation can occur at different burial depths. Impacted by the closed environment, the condensed water amount on the film was not the actual evaporation
of natural soil, and the transported phreatic water in
this extremely arid area should be more than measured
one. The discovery of phreatic water evaporation in
extremely dry area and its related analysis provide
new possibility of ecological restoration using water in
the GSPAC system. Meanwhile, understanding the
water resource in the surrounding rocks of Mogao
Grottoes at a large scale is of great importance to the
conservation work of culture relics in the Grottoes.
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